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I .  INfROMGTlOK 

In  1955,  Atlantie  Research'  Gorporacion,  under  Mr  FUrce  Office  of 
Scientific  Research  sponsorship,,  InltlaCed  a  prograin  Of  research  on  the 
mechanistn  Of  combustion  of  solid  prOpeliants,  with  ^phasls  On  ammoniian 
perchlorateabaSed  syStemS»  GottClnuity  in  this  research  effort  has  been  main- 
tained  from  1955  to  the  present  time  by  virtue  of  support  under  Gontraet 
M  18>C6®:0)-1502  and  under  the  present  Gontraet  49C63$)'^8l3.  During  the 
two  contracts,  five  fechnical  Notes  have  been  written  (1,  2,  3,  4,  5). 

Formal  papers  have  been  presented  at  the  Sixth  internattOnal  Symposium  On 
Gombustiort,  the  Eighth  International  Symposium'  On  Gombustio.n,,  the  September 
1961  National  Meeting  of  the  American  Chemical  Society,  and  the  Fifteenth 
Joint  Army^Navy^Air  Force  Solid  Propellant  Group  Meeting,  1959',  in  addition, 
less  formal  talks  have  been  given  at  annual  Air  Force  ©ffice  of  Seientiflc 
Research  contraetoriS '  meetings  and  by  invitation  at  various  Universities  and 
research  institutions.  Direct  contact  has  also  been  maintained  witb  other 
research  groups  making  parailel  attacks  on  the  same  problem  area,  including 
Nachbar  at  Loekheed  ,  Summerfi<eid  et  al,  at  Prineeton,,  and  Sch’^ift  i 
Andersen,  et  al,  at  Aerojet-General  Gorporation. 

Previous  reports  ©rigiftatiii'g,  from  this  project  (1,  2,  3,,  4,  5)'  have 
emphasized  the  finding,  apparently  first  reported  by  Adams,  Newman,  and 
Robins  (6),  Chat  a  flame  will  propagate  through  pure  ammonium  perchlorate  at 
pates  eomparable  with  Cromposlte  soiid-'prppellant  burning  rates  at  elevated 
ambient  pressures.  Thus.,  attention  has  been  coneentrated  on  study  of  the 
ammonium  perchlO'rate  combustion  mechanism  in  the  absenGe  of  organic  or  metal¬ 
lic  fuel,  on  the  assumption  thac,  ac  least  under  some  conditions,  the  aimnoniiuti 
perehiOrate  decomposition  flame  is  rate-iGontrolling  in  eomppsite  propeilants. 

The  most  recent  publicatipns  of  Summer  field  et  al,  (.7)  a$  well  as  Vandenkerckhove 
and  Jaumotte  (8)  ,  coneur  that  this  is  the  case  at  .pressures  above  about  5© 
atmospheres.  (The  eyidenee  will  be  discussed  in  detail  in  Section  IV  of  this 
report . ) 

The  experimental  work  already  carried  out  and  reported  in  this  progr^ 
includes  measurements  of  burning  rate  and  lower  pressure  limit  of  flammability 
of  dead»pressed  ammonium  perchlorate  as  a  function  of  ambient  pressure,  initial 
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temperature,  incident  radiant  flux,  and  catalyst  contents  Temperature 
measurements  have  been  made  with  fine  thermdcduples  and  by  photopyrdmetry . 
Detailed  chemical  analysis  of  combustidn  products  has  been  carried  out  for 
a  variety  of  cdiAbustion  conditions^.  Kinetics  b£  the  gaseous  decompdsitidn 
of  perchldric  acid  vapor  has  been  studied.  In  very  recent  and  incomplete 
work  reported  in  Section  11,  experiments  dealing  with  kinetics  of  the 
perchldric  acid  vapdr-ammdnia  reaetipn  are  presented.  In  Section  Ill,  a 
variety  of  experiments  dealing  with  pure  ammonium  perchidrate  deflagration 
and  interactidns  of  deflagrating  ammonium  perchlorate  with  gaseous  and 
solid  fuels  in  GOntroiled  geometries  are  described. 

In  addition  td  this  body  of  experimental  work,  myCh  thought  has 
been  given  to  the  coupling,  of  the  varldus  rate  proeeSses  and  td  , possible 
kinetic  schemes  relevant  to  the  governing  ehemicai  reactidns,  Simplified 
math-ematical  models  have  been  deve  loped  ,  and  the  mpre  accurate  model  developed 
by  Naehbar,  which  however,  requires  sactensive  edmputation  td  d'btain  ntmierical 
aoiutidns,  has  been  carefully  chttsidered.  Attention  has  been  givan  to  experi¬ 
mental  results  arising  out  of  other  programs »  Spch  as  Aerojet’s  hot-plate 
pyrdlysis  work  and  Princeton's  measurements  of  burning  charaet eristics  Of 
Organic  fuel>^UMehium  perchidrate  mixtures.  In  Section  ly,  a  review  is 
presehted  of  our  current  understanding  of  the  combustion  mechanism  of  aM0~ 
nlum  perch Idrate’^based  solid  propellants,  with  emphasis  on  our  own  wOrfe  but 
with  consideratton  to  the  work  of  others  also, 

Much  progress  has  Occurred  in  our  understanding  of  this  complex 
rate  process  in  the  past  several  years.  This  may  be  helpful  to  those  seek¬ 
ing  to  develop  a  theory  of  the  interaetion  between  an  aGoustic  wave  and  a 
burning  solid  propellant,  for  ex^ple.  HOwever,  it  must  be  said  that  the 
last  word  has  not  yet  been  written  on  ammOniisn  perChloFate,  and  further 
research  is  still  required  to  give  a  Gomplete  picture  of  the  burning  mechanism, 

II.  E£CEMT  MPERIMENTS  WITH  AMMONIA  AND  PERCHLORIC  ACID  VAPOR 

Since  the  postulate  that  amnionia  and  perGhloFlc  acid  are  vaporized 
from  the  ammonium  perchlOFate  surface  and  react  exothermal ly  ahove  it  seems 
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Inherently  so  reasonabley  It  was  a  logical  extehsion  of  the  preseht  research 
to  investigate  the  nature  of  the  chenilcal  reactions  that  would  occur  with 
these  Species i 

the  basic  alternative  reaction  paths  that  are  possible  for  this 
system  are  that:  the  perchloric  acid'  could  decompose  first  and  its  decom^ 

iposition  products^  which  couid'  inclade  chlorine,  oxygen  and  the  oxides  of 
ehlorine,,!  could  then  Oxidize  the  ammonia;,  or  (b)  perchloric  acid  could  react 
with  anmiohia  direct  ly,.  .A\  decision  could  be  reached  between  these  two  alters 
natives  by  a  kinetic  Study  of  the  thermal  decomposition  of  perehloric  acid 
alone  and  then  in  the  presence  of  ammonia.  In  the  present  program  it  has  been 
possible  only  to  complete  the  study  for  perchlioric  acid  alone  and  to  cohduct 
a  limited  htomber  of  experiments  with  added  ammonia.  These  results  are  dis^ 
cussed  below.^ 

The  thermal  decomposition  of  perchlortc  acid  vapor  is  complicated 
by  the  lact  that  the  reactiOh>  when  studied  in  glass  vessels,  has  a  large 
heterogeneous  contribution  at  temperatures  below  about  315*G.  Above  this 
temperature  the  reaction  kinetics  are  those  of  a  homogenepus  reaction,  the 
reaction  was  studied  by  a  colorimetric  technique  from  2iOO"35D^O  end  by  a  flow 
method  from  3'§1)«439 -i*.  The  data  irom  200^315  *e  were  quite  scattered  because 
of  the  heterogeneous  nature  of  the  reaction  and  the  difficulty  of  repriducing 
unknown  surface  conditions,  the  Arrhenius  curve  was  quite  fiat,  indicating 

an  activation  energy  of  about  1®  or  15  kcal/mole.  The  homogeneous  reaction 

„  -  --13' 

data  was  quite  good  and  yielded  the  rate  expression  k  =  5.8  x  10  exp 
i(«45 , 100/gT)sec  .  The  45  kcal  activation  ener^  is  very  close  to  the  Q->Q1 
bond  strength  and  indicates  that  the  rate-determining  Step  in  the  reaction  is 

HOGIO^  H0  .  +  Ol©y 

A  mechanism  has  been  proposed  in  which  this  step  is  followed  by 

HO  -  +  H0ei©3  H2O  +  €10^  . 

2C1Q^-  >  Ci2  +  4O2 

2GIO3.  GI2  +  30^ 

*Thts  work  has  been  described  in  AfOSR  TN  1555,  OetOber  1961. 

" .  .  -  -  -  -3:--- . -  --  _ _  _ 
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the  products  Indicated  *  chlorine,  oxygen,  and  water,  are  those  experimentally 
observed  Over  the  entire  temperature  range. 

Experiments  with  ammonia  have  been  perEormed  at  367"G»  Essentially, 
the  experiments  involve  the  preparation  of  separate  streams  of  nttrogen- 
ammonia  and  uitrogen-perehloric  acid  mixtures,  jthe  mixing  of  these  Streams 
and  their  passage  through  a  reaGtlon  yessel  at  a  fixed  temperature*  The  prO"* 
ducts  emerging  from  the  reaction  vessel  were  then  absorbed  in  a  series  of 
traps i,  fealyses  were  performed  for  chloride  (no  hypoehiOrite  was  found )i  and 
perchlorate  ion..  The  initial  ammonia  Concentration  waS  iknown  from  the  cOmposi** 
tion  Of  the  ammoniaTnitrogen  stresun  and  the  flow  rates. 

The  principai  probl'^  was  that  of  mixing  the  two  reactants  completely 
in  a  tiffle  shor^  Compared  tO  the  reaction  time*  The  results  of  the  experiments 
at  367 ’G  are  Svinttiarited  in  Table  I, 

Table  1 

The  hate  of  heaction  of  Perchloric  Acid  in  the  Presence  of  Ammonia  at  367 ’C 

Percent  ©ecomp.  of 


Riin  initial 

eoncentrations  in 

HG104 

3 

1 

moles/ ] 

iiter  X  li^  Reaetieh  Time 

Gale  *  for  1 

idio>  Ohs .  i 

. '4 

em  moles 

See 

NH3 

HCio,  <see>> 

4 

Alone 

c 

1  #44 

3. #4  1,9# 

3*5 

16.7 

0,29  X 

if 

2  21.0 

2,#0  1*96 

3*5 

43,# 

1,38  X 

if 

3  7*15 

1,92  1.99 

3*5 

26*9 

1*82  X 

if 

4  16,0 

3,05  3,64 

6.0 

66.0 

2,20  X 

10^ 

it 

is  Clear  from  the  increaBed  per  een 

t  react ion 

in  the  presence  of 

ammonia  that 

reaction  is  ocearring  hetween  perChiQric  acid 

and  ammonia 

as  well 

as  by  direct 

decomposition  of  the  former ,  The  1 

ast  column 

of  the  tabl< 

:  lists 

values  obtained  for  the  rate  constant  for  the  ammooia-perehlorie  acid  reaction. 
These  values  were  calculated  from^  the  kinetic  expression 

-dHClO, 

- ^--=-  =  k,  HClQy  *  k-  (HelQ,)(NH.,) 

dt  1  4  4  4  J 
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This  Involves  the  assumption  that  the  acld-ammOnia  reaction  is  first  order 
in  each  reactants  Since  only  these  few  preiiminary  data  could  be  obtained ^ 
the  kinetics  Of  the  reaction  rentain  in  question^  but  the  calculation  of 
serves  as  a  tnethod  to  examine  the  data  that  were  obtained i  In  order  to 
make  the  calculation  of  the  rate  constants  it  was  necessary  to  assimie  a 
stoiehiometry  of  the  reaetiGnr  Since  the  deflagration  of  ammonium  perchlorate 
at  atmospheric  pressure  yields  ehlorine  as  a  product  (4),  and  since  only 
chloride  was  found  in  thes'e  experiments,  it  has  been  assumed  that  two  ammonia 
molecules  are  eOnsumed  for  each  perehlorie  acid  moleeuie  decomposedj  iie*, 
that  Chlorine  is  the  product  of  reaction  of  one  affinionia  with  perehlorie  acid 
and  that  a  second  ammonia  reacts  with  the  chlorine  to  give  chloride. 

In  runs  1  and  2  abOve^  the  mixing  ehamber  used  was  designed  after 

that  described  by  Johnston  and  Yost  0}  in  their  study  Of  the  ozone^nitrogen 

dioxide  reaction^  In  runs  3  and  4  two  such  mixers  in  series  were  usedi  The 

relatively  good  agreement  of  the  latter  two  runs  indicates  that  mixing  was 

quite  eiiicient  in  those  cases  and  that  the  rate  constant  of  about  2  X  10'^ 

3  -4  -1 

cm  moles  Sec  is  correct  for  this  tenperature.  This  result  must,  however, 
be  confirmed  by  further  work. 

It  is  of  some  interest  to  estimate  tbe  value  of  k^  at  the  flame 
temperature  of  ammonium  perchlora/te,  i,e<^  12©®® k  (1).  TM^is  may  be  done 
taking  the  above  rate  constant  and  assuming  different  energies  of  activation. 

From  this  constant  and  the  value  of  kj  at  i2O0®K,  3.7x10^S6C  the  rati©  of 
the  first  order  contribution  to  that  Of  the  second  order,  i.e.,  k./k„P  can 

ife  -  - 

be  evaluated.  The  relevant  data  are  shown  in  Table  2. 

Table  2 

fhe  Effect  of  Actiyation  Energy  and  Pressure  on  the  Relative 
importance  gf  Uni'^and  Bimolecular  Mechanisms  at  12:00'’K 

k. 

r  =?  kj^/k2  P  for  P  equal 
1  25  ^  atm 

46  9.2  4.6 

1.17  0.23  0.12 

0.03  0.006  0.003 

*It  IS  assumed  that  ammonia  and  perchloric  acid  are  present  at  equal  pressures,  P 

■  5 
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Thus  it  is  cibar  that  if  the  ener^  of  aGtivation  of  the  biifiolec- 
uiar  reaction  is  about  26  kcai/ntole  both  meGhanisms  would  be  important  over 
the  pressure  range  of  interests  If  the  energy  of  activation  is  much  lower 
than  this  figure  the  uniraolecular  mechanism  would  be  predominant  while  if  It 
is  higher  the  bimolecular  mechanism  prevails s 


The  observation  that  Boild  was  deposited  in  the  mixing  chambers 
for  certain  flow  conditions  gave  a  crude  measure  of  the  vapor  pressure  of 
ammonium  perchlorate.  Thus  it  was  found  that  when  the  partial  pressures  of 
ammonia  and  perchlojrtc  acid  were  2.2x10'  '  at#,  and  1,28x1©  atm.  s,  a  deposit 
was  observed  in  the  mixing,  chambers  at  3'62®©  but  not  at  3b7  ®G.  If  the  equili 


fariymi  Constant  for  vaporization  is  defined  as  K  ^ 

-6  2  ■  ^3 

367  this  CGnstant  has  the  value  3.9x1©  atm^^  . 


^Cl©.  - 
4 


then  at  about 


An  interesting  calculation  Can  be  made  using  this  figure  if  it  is 
assimied  that  the  standard  entropy  of  vapprization  of  ammonium  perchlorate  can 
be  approximated  by  that  of  ammonium  chloridei  ?=  68  cal  mole'’^deg.  ^  (I©)* 
Then  Ah  =  68t  where  T  is  the  temperature  at  which  the  vapor  and  the  solid 
are  in  equilibrium:  and  are  all  at  one  atmosphere,  and  from  the  Giausius-^ 


.  .  * 

Glapeyron  equation 


1  M 

■  ”  h  ^2  "  Tj;- 


,  3.9x1©"'^  68T  A  ^  ^ 

T  "  R  H  ~  640  ^ 

fhiS;  expression  yields  T  ^  878®K  and  AH  =  SP  jS  kGal/imole,  This 

value  of  Ah  is  fairly  close  to  that  calculated  for  the  process  NHyCl©:^^'^  NH, 

5  -(g) 

+  HGIO.  (11),  i.e.,  56,0©0  cal/mole.  Since  the  assumed  entropy  was  that  Of 

an  ammohium  salt  that  dissociates  On  vaporizing,  the  results  are  internally 
consistent  iu  supporting  the  view  that  ammonium  perchlorate  is  dissociated  in 
the  vapor  phsse. 
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III.  RESENT  iKPERlMENTS  ON  PERCKiORATE  AND  POTASSIUM  PERCIOORATE 

DEFIAGRATION 


This  Section  of  the  report  will  review  those  experimental  results 
not  aiready  deseribed  in  previous  publications  (Ij  2j  3,  4^  5)',  These  are 
for  the  most  part  reiativeiy  recent  and  in  some  cases  incomplete  results. 

A.  Pressure  Limit  of  FTammabilitv 

PreviouSiy  rreported  i^periments  showed  that  dead-ptesSed  strands  of 
pure  ammonium  perchlorate  of  4  x  4  nm  cross-section  wOuid  propagate  a  flame 
downward  when  ignited  with  an  energetic  propellant  mixture  containing  alnmirtumy 
as  long  as  the  ambient  pressure  was  greater  than  22  atm.  In  ordef  to  determine 
if  the  heat  losses  which  may  be  governing  this  limit  are  radiative  or  Convective 
in  nature,,  experiments  have  now  been  conducted  with  substantially  larger  pressed 
Strands.  Theso  were  pressed  in  a  steel  mold  having  a  cylindrical  cavity  of  2$^ 
mm  diameter  and  38-imn  depth.  The  "strands'"  were  ignited  without  removal  from 
the  mold. 


complete  butning  was  observed  with  these  strands  at  pressures  of  19.7 
atm  and  above.  The  flame  did  not  prophgate  at  is, 4  atm  And  beiow.  The 
limit  previously  Obsetved  with  the  h^^min  Strands  had  not  beon  determined  with 
high  precision.  In  view  of  the  relative  insensitivity  of  the  limit  to  dinmeterj 
it  is  felt  that  radiative  loss  is  the  dominant  mode  of  loss. 

B,  Effects  of  Preheating  on  Combustion  of  Ammonium  Per  eh  lor  ate 

The  previous  work  has  shown  that  ammonium  perchlprate  initially  at 

room  temperature  wili  not  support  a  decomposition  flame  except  with  an  incident 

2 

radiant  flux  of  at  least  10  eal/cm  ^see.  However,  other  experiments  have  now 
shown  that  atmospheric-pressure  combustion  can  be  attained  by  Uniformly  preheat¬ 
ing  the  strand  to  abOuit  270-2B0°C.  Burning  rates  at  atmospheric  pressure  were 
measured  as  follows: 


Initial  Temperature  (®C) 
248 
250 


Burning  Rate  (cm/ sec) 
Failed  to  propagate 

II  II  It 


262 


It  M  M 
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Gbiit'd  initial  temperature  (*’€}  Burning  Rate 

269  0.029 
275  0.027 
317  0.027 
322  0.032 


these  rates  are  Seen  to  be  very  closs  to  the  value  b|  0.025  em/sec 

-  -  -  ,  2 

obtained  with  an  ineident  radiant  flux  of  about  15  cai/cin  sisee. 

0:.  Interactions  of  Bfef lagrating  Anmonium^  Perchlorate  with  Methane 

the  investigators  at  Waltham  Abbey  have  Observed  that  a  diffuston 
flaffie  tan  be  established  around  a  pieOe  of  ammOnivffl  pero'hlorate  in  a  stagnant 
fuel  "gas  atmoisphere,  even  at  subatmo  spheric  ipressure.  We  have  done  exploratory 
experiments  involving  flowing  methane  and  various  controlled  gecmetrieS, 
deseribed  below,  at  one  atmosphere » 


One  geometry  of  interest  involves  a  methane  jet  issuing  from  a  convert 
gent  nozzle  of  9 .5  mm  diameter,  impinging  on  an  aminoniutt  perohlOrate  strand  of 
A  X  4  mm  Gross-seetion,  whioh  is  being  fed  through  a  sfoare  hoie  in  a  flat  plate 
so  that  the  burhing  sarfaGe  remains  in  the  plane  of  the  llat  plate.  A  jet  stand 
off  distance  of  12.7  tmn  was  used  in  a  set  of  tests  to  be  deseribed  below. 
Ammonium  perGhlorate  regressioh  rate  oould  be  measured  as  a  funGtion  of  jet 
veloGity , 


Methane  veloeity 

(cm/SeG) 


Strand  Regression  Rate 
(Gm/sec) 


280 

400 

631 

1093 

1555 

2480 


0.023 

0.031 

0.046 

0.051 

0.051 

0.052 


The  regression  rate  is  seen  to  beGome  itidependent  of  gas  flow  rate 
above  about  1000  cm/ sec.  similar  behavior  was  observed  with  strands  Gontain- 
ing  three  per  cent  copper  chromite  catalyst  except  that  the  asymptotle  rate  was 
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0.085  ctn/sec  inseead  of  0.051  em/sac.  o 

Visual  observation  shows  a  blue  gaseous  flame  with  a  yellow  cap  on 
the  methane  Side,  just  above  the  perchlorate  surface.  The  yellowness  of  the 
cap  increases  with  increasing  methane  velocity.  For  the  copper  chromite- 
containing  strands,  there  was  no  yellow  cap,  surprisingly,  but  Only  an  irttense 
blue^violet  flame » 

No  flame  blowOUt  could  be  obtained  by  increasing  the  flow  veldeity 
even  to  25000  cm/see  with  the  geometry  described  aboye,  even  though  theoret'^ 
ical  ar  gument  s  put  f  or  th  by  ©  .  B  .  Spaid  ing  suggest  that  a  er  i  t  ica  l  ye  loci ty 
must  exist  above  which  extinction  oecurs  because  the  Chemical  reaction  rate 
becomes  overshadowed  by  the  cooling  efieet  of  the  arriving  methane.  (Such 
an  effect,,,  if  it  could  be  Observed,  would  provide  valuable  inlOrlnatiOn  on  the 
overall  kinetics  of  the  propellant  flame.)  Flame  extinction  eouid  be  induced 
by  using  a  sufficiently  dilute  methane-nitrogen  mixture  instead  of  pure  methane, 
but  when  the  stability  limit  diagram  (jet  composition  vs  critical  Jet  veioCity) 
was  determined,  it  was  found  that  flame-out  occurs  on  dilution  feO  about  20  mole 
per  cent  methane  in  nitrogen  virtually  regardless  of  flow  velocity.  Olearly, 
such  high  dilution  has  produced  nonflaminablS  mixtures,  and  the  fiame^Out  IS 
due  to  Composition  change  rather  than  yelfCity. 

In  other  experiments  with  a  different  geometry,  flanie^Cut  couid  be 
observed  in  purs  methane  jets.  M  this  Case,  the  side-Shieiding  of  the  flat 
plate  was  not  employed,  but  the  strand  of  anmionium  perchlorate  was  held  in  the 
free  methans  jet,  the ’Strand  aligned  along  the  axis  of  the  jet.  On  igniting 
with  a  torch  at  relatively  low  methane  velocity,  a  flame-cap  formed  oyer  the 
"nose''  of  the  speCiinen,  sculpturing  it  from  rectangular  to  needle-shaped.  At 
this  point,  methane  yelocity  was  inCreesed  to  the  maximvan  available  (2500  cm/sec), 
upon  which  the  flame-'cap  at  the  nose  of  the  Specimen  disappeared,  although  a 
flame  was  visible  a  few  mm  downstream  of  the  nose,  in  a  region  where  the  boundary 
layer  had  built  up  somewhat.  Precise  measurements  of  flame  Stability  were  not 
made  with  this  setup  because  the  specimen  shape  was  changing  with  time.  However, 
such  experiments  could  probably  be  fruitfully  pursued,  if  high-speed  photography 
was  utilized. 


a 
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YEt  atiother  geometry  was  employed  iii  a  new  series  of  experiments. 

An  axial  hole  was  drilled  throtigh  a  pressed  strand^  through  which  methane 
was  allowed  to  flow  upward  at  conerolled  velocity.  The  merging  methane  jet 
was  ignited i  and  subsequent  phenomena  Observed  as  a  function  of  hole  diameter 
and  methane  veloeityi  For  a  0.66-inm  hoie  diameter *  the  surface  regression  rate 
of  the  strand  was  about  ‘0.025  cm/sec,  independent  of  flow  vei*S®i®y  from  a  few 
cm/ Sec  up  to  130  cm/sec.  In  a  test  at  250  cm/sec^  the  flmne  bec^b  unstable 
and  blow-out  oceurred.  For  a  1.6«mm  holej  the  regression  rate  was  againi 
independent  of  flow  rate  but  was  larger >  about  0.©4  cm/sec.  /Extinct ion 
occurred  rather  than  fiashba'ch  when  the  methaji/^  flow  was  cut  off.  Experiments 
were  then  made  with  a  much  larger  square  hole,  5  x  5  tmn;,  formed  by  gluing  four 
pressed  pieces  of  anmonivHn  perGhlorate  together,  to  see  if  fiashback  into  the 
hole  eOuid  occur  at  a  very  low  flow  rate.  However y  only  steady  prOpagatiort 
Into  the  hole  at  about  0.2  cm/sec  oceurred,  and  the  flame  went  out  when  the 
methane  flow  was  interrupted.  It  was  concluded  ftCm  these  tests  that  the 
methane  diffusion  flame  can  prehent  the  perchlorate  suffieietttly  t®  allow  the 
perchlorate  decomposition  flmne  to  propagate;  but  no  quantitative  measure  cl 
the  interaction  eould  be  attained. 

Spalding  (13)  has  made  a  theoreticai  mass^transfer  analysis  of  the 
interaction  of  a  methane  jet  with  an  ammonium  perchlGrate  dilfusion  flames  and 
he  concluded  that  the  burning  rate  was  controlled  primarily  by  the  defiagra^ 
tion  eharacteristies  of  the  ammonium  perchlorate,  the  effect  of  the  boundary^ 
layer  induced  enthalpy  gradient  associated  with  methane  combustion  being  very 
small.  However,  since  the  perchlorate  will  not  burn  at  all  at  one  atmosphere 
if  the  methane  flame  is  not  present,  he  proppses  that  a  radiant  interaGtion  not 
included  in  his  treatment  may  become  important  at  low  ratios  of  methane  to 
perchlorate . 

D.  Interactions  of  Deflagrating  Aimnonium  Perchlorate  with  a  Polymer 

When  a  ground  crystalline  oxidizer  such  as  ammonium  perchlorate  is 
mixed  with  an  organic  binder  which  is  then  polymerized,  the  resulting  gepmetry 
is  exceedingly  complex.  More  important,  each  pocket  of  oxidizer  or  fuel  in  the 
heterogeneous  material  burns  in  an  unSteady^state  mode  as  the  flame  reaches  it. 
Thus,  a  simpler  geometry  which  might  give  a  steady-state  polymery-oxidizer 
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interaction  is  of  research  interest.  One  possibility,  which  we  have  explored, 
is  to  drill  an  axial  hole  in  a  pressed  strand  of  anmOnliim  perchlorate  and  fill 
it  with  an  Organic  liquid  Which  is  then  polymerized*  The  strand  would  then  be 
ignited  so  aS  to  burn  in  the  direction  Of  the  hole  ^is. 

In  preliminary  experiments,  strands  were  drilled  and  the  hole  filled 

with  liquid  dioCtyl  adipate.  The  strands  were  tgntted  at  atmospherie  pressure 

2 

with  an  incident  radiant  source  of  15  eal/cm  •‘sec.  The  liquid  was  observed  to 
boll  from  the  hole  presumably  by  heat  transfer  from  the  hot  Surrounding  per>* 
chlorate.  It  was  decided  to.  cpnduet  further  tests  with  a  pOl^erizable  liquldi 

A  liquid  was  prepared  Consisting  of  2//7  diOCtyi  adipate  (by  wt)  and 
5/7  polyvinyl  chloride  mierosphereS  (plastispl  graded.  This  liquid  cOuld  be 
Injected  into  small  drilled  hoTos  in  a  pressed  strand  with  a  hypodermic  needle, 
and  then  solidified  by  heatiug  at  12©'®ie  for  one  hour  and  then  CGOlingi  A 
process  of  solution  rather  than  pol^erization  pccurs  in  this  ease.  In  experi¬ 
ments  with  bSS-micron  hoies  filled  with  the  above  piastieized  polyvinyl  chloride, 

combustion  at  one  atmosphere  was  achieved  with  an  incident  radiant  flux  of 

....  2 

15  cal/ctn  ‘^sec*  The  propagation  rate  of  Strands  with  Such  atv  axial  polymer 
eoluwn  averaged  0*031  cm/ sec  while  the  pure  ansaonium  percfelorate  strands  aver¬ 
aged  0*022  cm/seG.  0n  interrupting  the  burning,  the  perchlorate  surfaee  was 
observed  to  be  a  c-oncave  cone  with  hali'hngle  roughly  45®*  Interpretation  of 
such  experiments  is  difficuit  because  the  radiation-absorption  properties  of 
the  partially  carbonized  polymer  may  make  an  important  contribution.  Evidence 
of  char  formation  was  seen  in  these  interrupted-burning  tests. 

Thereforei  the  radiation  flux  was  eliminated  and  combustion  of  strands 
containing  polymer  filaments  was  carried  Out  in  a  bomb  at  elevated  pressure. 

Results  were  as  follows : 

660-micrpn  holes:  burning  rate  similar  to  that  of  matrix  (pure  ammonium 
perchlorate)  in  the  range  from  20  to  45  atm,  but  substantially  greater  than  the 
matrix  at  higher  pressures  (40  per  cent  higher  at  140  atm). 

500-micron  holes:  burning  rate  unchanged  from  matrix  rate  over  entire  range 
from  20  to  140  atm. 

340-micron  holes:  burning  rate  unchanged  from  matrix  rate  of  entire  range  from 
20  to  140  atm,  (It  was  neGessary  to  use  4/9  polyvinyl  chloride  and  5/9  dioetyl 
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adipate  in  this  ease  to  attain  Sufficient  fluidity i) 

Review  of  these  results  Showed  no  effect  On  high>pressure  burning 
except  for  the  largest  filament  size  (bbO-micron)  at  the  higher  pressure. 

To  learn  more  about  the  nature  of  this  effect,  a  new  Set  of  data  were  obtain¬ 
ed  with  lOG0-mlcrOn  (l^iran)  holes  in  '4x4  mm  strands.  Burning-rate  results 
were  very  erratic,  some  strands  burning  twice  as  fast  as  others.  The  slower- 
burning  speciments  gave  points  falling  on  the  matrix  burning-rate  curve.  It 
was  conciuded  that  the  ooeasional  high-burnlng-rate  results  when  large  holes 
were  present  was  due  to  oecasional  cracking  or  spalling  of  the  specimens  by 
thermal  Shock,  the  effect  being  aggravated  by  the  large  drilled  hole.  Except 
for  this  effect,  it  appears  that  polymer  columns  of  34Q  to  liO'jDO'  mierOns 
diameter  do  not  inf luenee  burning  rate  at  least  at  pressures  above  20  atm. 

Since  in  actual  propellants  the  pockets  of  fuel  between  particles 
may  have  dimensions  such  as  microns  or  tens  of  microns  rather  than  hundreds 
of  microns,  further  experiments  were  performed  in  which  a  3fi-micron  filament 
of  rayon  was  surtounded  by  anmionium  perchlorate  powder  which  was  then  pressed 
to  form  a  strand  around  the  filament.  Two  such  strands,  burned  at  48  atio,  had 
measured  rates  of  0.62  and  0,71  em/Sec  respectively ,  The  pure  ammonium 
perehlorate  rate  at  this  pressure  is  0.61)  cm/sec.  Thus  no  large  acceieratiOh 
was  produced  by  the  filament.  '(By  eontrast,  a  copper  filament  enbedded  in  a 
propellant  may  produce  a  several-fold  Increase  in  propagation  rate.) 

E,  Experiments  with  FOtaSsium  Perchlorate  , Pressed  strands 

Other  experiments  have  been  performed  with  strands  pressed  from 
potassium  perchlorate  (not  a  moinopropellant)  instead  of  ammonium  perchlpfate. 
Experiments  with  such  strands  and  a  methane  flame  Show  that  the  flame  becomes 
colored  violet,  indicating  potassium  yaporization  and  corresponding  oxygen 
release,  as  expeGted,  but  simultaneous  melting  and  bubbling  of  the  potassium 
perchlorate  OGcurs,  Also,  cracks  induced  by  thermal  stress  appear  in  the 
utunelted  portion  of  the  Strand.  These  effects  made  experiments  with  Gontrolled 
geometry  impossible,  so  this  approach  was  not  continued. 
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IV .  REVIEW  OF  PRESENT  KNOllAiEDGE  OF  GOHBUSTION  MEGHANISM  OF  iAMMQNTUH 
PERCHIORATE-BAS^  GOMPOEITE  SOLID  PROPELLANTS 

This  discussion  will  bs  limitEd  Co  the  meGhanism  of  sCieady-scate 
boriting  of  ammonium  perchlGraCe-based  solid  propellanCSi  and  will  noC  consider 
the  mechanisms  of  ignition.^  erosive  burnings  or  combustion-acQuStic  inceractions 
leading  to  instability i  Also,  composite  propellants  with  metallic  ingredients 
such  as  aluminum  will  not  ibe  considered  here,  largely  because  little  basic 
research  reported  in  the  unclassified  literature  haS  been  devoted  ©0  this  prob- 

lemi 

with  the  probiesn:  thns  limited,  it  turns  out  that  only  a  very  small 
number  of  research  teams  have  made  Btgnifieant  contributions.  In  addition  to 
Our  Own  work  (1,  2,  3,  4,  5),  one  may  list  the  eontributions  Of  Schultz, 

Ghaikeni  Andersen,,  and  co-workers  at  Aerej et-General  GOrporation  111,  14,  15, 

16)  j:  of  Summer  field  and  cpi-workers  at  PrinOeton  (7,  l7,  18,  19,  20)  Of  Adams 
and  Go^workers  in  England  |6,  21,  2t),,  and  a  related  group  of  theoretical 
Studies  by  Nachhar,  Penner,  Spaldieg,  Williams,  ei  al,  at  Loekheed  end  at 
California  Institute  of  Technology  24,  25,  26,  27). 

Our  main  interest  is  in  understanding  what  centt^^t  burning  rate 
and  its  variation  with  pressure,  comppSitipn,  etc.  The  most  important  experi^ 
mental  findings  relevant  to  the  burning  mechanism,  drawn  from  Che  antire  above 
body  of  work,  will  be  listed, 

(1)  For  a  mixture  of  aaDnOnium  perGhiorate  crystals  dispersed  in  an  Organic 
fuel  matrix,  the  burning  rate,  of  the  order  pf  one  cm/sec  at  70  atm,  generaily 
increases  with  inGreasing  pressu-re,  increasing  fineness  of  crystal  size,  and 
increasing  ratio  of  oxidizer  to  fuel  (practical  mixtures  are  always  on  the 
fuel-'rich  side  Of  stOiGhiomettric):, 

(2)  The  variation  of  burning  rate  with  the  above  parameters  is  GOmplex.  For 
example,  for  a  rather  fuel-rich  mixture,  the  burning  rata  increases  much  more 
rapidly  with  Increasing  fineness  of  grind  at  low  pressures  (1‘'10  atm)  than  at 
high  pressures  (50-100  atm). 

(3)  Temperature  measurements  show  that  the  flame  zone  above  the  propellant 
surfece  at  high  pressure  must  be  extremely  thin,  of  Che  order  of  mierons  or 
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tens  of  miorons.  TMs  is  consistent  with  e  calculation  of  the  necessary 
high  temperature  gradient  which  must  exist  to  vaporize  the  solid  at  a  rate 
of  one  cm/sec  during  burning  at  elevated  pressure.  Both  experiments  and 
calculations  show  that  radiant  transfer  makes  at  most  a  second-order  contri¬ 
bution  to  the  heat  transfer  from;  flame  gases  to  solid  Surface. 

(:4)  Examination  of  a  rapidly  quenched  ipropellant  surface  shows  dramatic 
differences  depending  On  the  combustion  pressure ^  At  low  pressure  (1-lQ;  atm)i 
the  oxidizer  crystals  project  above  the  fuel  Surface,  while  at  high  pressure 
(5'O-10i!  atm)  fuel  filaments  project  upward  and  oxidizer  crystals  are  found  at 
the  bottom  of  holes  in  the  surface. 

C5  j  Pure  anmonium  perchlorate,  when  dead-pressed  into  a  strandlike  shape, 
can  be  ignited  at  pressures  above  ebout  2'2  atm>  A  flame  propagates  with  a 
burning  rate  which  increases  with  iHereaSimg  pressure,  being  One  emjfsec  at 

102  atm.  Pure  amnaonium  perchlorate  will  propagate  a  flame  even  at  one  atmos- 

-  ,  2 

phere  if  a  suffieient  incident  radiant  flux  is  supplied  (1©  eal/em  -sec)  or 
if  the  anmonium  perGhlorate  is  preheated  to  about  28©'^0  before  ignition. 

(d);  Replacement  of  ^mnonium  perehiorate  in  a  propeHant  composition  by 
another  oxidizer  such  as  ammenium  nitrate  or  potassium  perGhlorate  will  csuse 
ia#ge  changes  in  burning  rate. 

In  view  of  these  findings,  Bestress,  Mall,  and  Sunmref field  f^) 
have  proposed  that  three  regimes  must  be  COnstdered.  At  high  pressures,  the 
anmonium  perchlorate  decomposition  I lane  apparently  propagates  fast  enough  to 
be  rate-conttolling,  and  the  burning  rate  is  about  equal  to  the  pure  mnmonium 
perchlorate  rate  and  is  insensitive  to  particle  size.  At  somewhat  lower 
pressures,  a  gtanuiar  diffusiQn  flame  betOmeS  governing,  the  rate'^Sontrolling 
steps  being  the  rate  of  mixing  Of  fuel  and  oxidizer  vapors  and  the  rate  of 
energy  feedback  to  the  GOndensed-phase  ingredients.  In  this  regime,  particle 
size  is  important  because  it  is  presumably  related  to  the  characteristic  size 
of  pockets  Of  gaseous  reactant.  Finally,  at  extremely  low  pressures  and/or 
for  exti^ely  fine  particle  size,  diffusional  mixing  will  become  rapid  relative 
to  gaseeus  chemical  reaction  rates,  and  the  problem  reduces  to  that  of  a  pre¬ 
mixed  gaseous  flame  with  a  heat  sink  at  the  cold  boundary.  In  this  regime, 
hurnlng  rate  would  be  independent  of  particle  size. 


14 


AtLANtic  Researeh  CdRPaRAtidN 

A'LEkAN  DR  I  A,  VI RB I  N'lA 


In  pf&cticej  overlapping  of  these  regions  will  be  expected.  The 
problem  is  even  more  complex  because  practical  propellants  use  bimodal 
particle-size  distributions  to  improve  the  fluidity  of  the  mix  and  permit 
achievement  of  higher  solids  loadings  and  hence  hotter  flameS<  However, 
the  qualitative  features  Seem  reasonable. 

Theoretical  analysis  of  the  postulated  regime  dominant  at  the 
lowest  pr'essureSi  where  the  premixed  gaseous  f  lawe  is  governing  ^  is  rela¬ 
tively  straightforward  and  can  be  carried  out  in  terms  of  one-dimensional 
gaseous  flame  theory  with  a  suitable  eold-boiindary  condition.  The  kinetics 
of  the  gaseous  resetion  of  InteteSt  would  be  approximated  by  those  Pf  the 
familiar  hydrocarbon-oxygen  premixed  flamei  perhaps  imodified  by  the  nitric 
oxide  which  will  constitute  part  of  the  oxidizer.  From  the  pressure 
dependence  0^  burning  'Velocity  of  such  gaseous  flames,  we  know  that  the 
overall  reaction  rate  is  nearly  sacOnd-order,  and  can  accordingly  show  that 
the  solid  propellant  burning  rate  in  this  regime  should  be  directly  iproppr- 
tional  to  pressure.  If  the  modei  is  modified  by  including  a  sutface-tempera- 
ture-depcndent  pyrotysis  rate  which  is  eoupled  to  the  gaseous  flame  rate> 
then  the  burning  rate  will  come  out  to  vary  less  than  linearly  with  pres sure 
even  for  a  second-order  reaction  (because  at  higher  pressure^  and  correspond¬ 
ing  thinner  reaction  zones  there  will  be  more  back-diffusion  Of  preduetg  into 
reactants  and  corresponding  dilution  leading  to  decrease  Of  volumetric  gaseous 
reaction  rate);  such  a  yariatlon  agrees  with  the  experimental  trend.  However, 
there  Seans  to  be  a  problaii  in  regard  to  the  absolute  magnitude  Of  the  burn¬ 
ing  rate  in  this  regime.  Bastress  et  al.  (7)  quote  a  burning  rate  at  one  atm 

of  0. IS  cm/sec  for  a  finely  ground  propellant  With  adiabatic  flame  temperature 

2 

of  224® ®K.  This  eOrfesponds  to  a  mass  Consumption  rate  of  about  0.22  gm/em  -see. 

However,  a  stGichiometric  hydrocarbon-air  flame  of  about  this  flame  temperature 

2 

would  have  a  hurning  rate  of  only  ahout  35  em/sec  Or  0.042  gm/em  -see,  which  is 
less  than  one-fifth  the  rate  of  the  solid  propellant,  even  though  the  cold- 
boundary  heat  sink  would  tend  to  decrease  the  solid-propellant  rate.  Possibly 
the  pyrolysis  gases  contain  significant  proportions  of  hydrogen  or  other 
GonSriCuents  which  would  tend  to  increase  the  flame  speed;  Certainly  the  final 
products  are  rich  in  hydrogen,  and  the  resulting  increase  in  thermal  conductivity 
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In  the  gaseous  reaction  zone  will  increase  burning  rate^  Nonetheless  the 
fivefold  increase  Over  a  hydrocarbon-air  premixed  flame  sei^s  larger  than 
would  be  expected. 

Theoretical  analysis  of  the  ineermedtate  regime^  the  granular 
diffusion  flame,  has  been  made  by  Summer field  et  al^  (7*  1$)  with  the  use 
of  arbitrary  simplifying  approximations ^  Gas  pockets  in  the  flame  are 
assumed  to  be  spherical  with  a  radius  proporfionai  to  the  oxidizer  par tie le 
size.  Equal  expansion  in  both  transverse  and  normal  directions  is  assumed, 
so  that  the  gaseous  sphere  is  larger  than  the  original  solid  par tic le  by 
the  eube  root  of  the  ratio  nf  specific  volumes.  The  burning  rate  is  then 
found  to  vary  directly  with  the  cube  root  of  presisure  snd  inversely  with 
the  first  power  of  particle  dimeter.  If,  instead  pf  this  models  a  two- 
dimensional  model  is  consideJ^ad  in  which  gas  expansion  pccuri  only  in  the 
normal  direction  and  not  trartsversely,  the  burning  rate  is  easily  shown  to 
be  Independent  of  pressure.  Nachbar  C^)  has  Iprmulated  a  treatment  of 
such  model.  The  actual  hehavior  is  presumably  somewhere  between  these 
extr^es  and  is  extremely  difficult  to  describe  theoretically  even  when  the 
fuel-Oxidizer  chemical  reaGtipn  is  taken  to  be  infinitely  fast  and  the 
decomposition  flaune  of  the  aranonium  perchlorate  erystals  is  neglected, 
beeause  of  the  complex  geometry  and  unsteady '^state  nature  of  the  process^ 

It  is  even  possible  (7)  that  turbulence  is  important  in  the  mixing  process 
in  the  case  of  large  oxidizer  crystals*  the  turbulenee  being  triggered  by 
the  non-steady  flow  from  the  surface^,  with  gas-pocket  breafcup  occurring 
when  the  Reynolds  number  exceeds  about  twenty,  However,  there  seems  to  be 
no  direct  evidence  yet  for  this  latter  mechanism. 

TO  summarize,  the  granular  diffusiCn  flame  cOnGept  provides  a 
convenient  and  logical  picture  for  the  transition  region  between  the  fuel- 
oxidizer  premixed  flame  whiGh  must  govern  at  sufficiently  low  pressures  and 
oxidizer  sizes  and  the  ammonium  perchlorate  decomposition  flame  whioh  is 
apparently  Of  critical  importance  at  high  pressures  and  any  oxidizer  size. 
However,  np  rigorous  mathematical  theory  of  this  granular  diffusion  flame 
is  available,  and  even  if  it  were,  this  theory  would  then  have  to  be  merged 
with  the  contributions  from  the  regimes  on  either  side. 
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At  relatively  Mgh  pressure,  various  types  of  evidence  already 
mentioned  indicate  that  the  monopropellant  decomposition  flame  burning  on 
each  ammoniuin  perchlorate  crystal  becomes  dominant  as  a  rate-controlling 
mechanism.  The  most  important  argument  is  that  the  decomposition-f lame 
burning  rate  increases  more  rapidly  with  pressure  than  the  propellant  burn-? 
ing  rate,  and  the  enrves  es;sentlaliy  come  together  at  around  W&  atm  (cf. 
Figi  f  of  ref »  (7));,  in  spite  of  the  final  temperature  of  the  propellant 
flame  heing  1000-K  higher  than  that  of  the  perchlorate  decomposition  flame. 
Further  eOnfirmatory  evidence  comes  from  the  relative  insensitivity  of 
propellant  burning  rate  tO  particle  size  at  high  pressure  and  large  hinder 
content.  Again,  the  appear.arvee  of  the  quenched  surface  after  high-pressure 
combustion  has  been  dCsctibed  as  showing  binder  filaments  projecting  up 
and  oxidizer  crystals  at  the  bottom  of  depressions  in  the  surface,  Which 
would  fee  expected  if  the  decomposttlon  flame  is  controlling,  Finally,  it 
is  generally  ttUe  that  propellant  hurnihg  rates  are  relstiyely  sehsittve 
tOi  changes  in  the  Oxidizer  cheoAstry,  particularly  changes  affecting  decom¬ 
position  kinetics,  and  are  relatively  insensitive  to  ehanges  in  polymer 
type  or  properties,  fhus,  a  strong  case  esflsts  for  believing  the  ammonium 
perchlorate  decomposition  flame  dominates  the  composite  propellant  burning 
process  at  high  pressures  and  significantly  influences  it  even  at  lower 
pressures « 


On  the  ©ther  hand,  it  is  unreasonable  to  expect  no  interaction 
between  the  fuel-oxidizer  diffusipn  flame  and  the  oxidized  decomposition 
flame  even  at  high  pressures.  The  bindet  properties  and  the  fuel-Oxidizer 
interdif fusion  will  always  make  some  GontributiQn  to  combustion  behavior, 
by  a  mechanism  involving  additional  ener^  feedback  to  the  oxidizet  crystals, 
ChaiHen  and  Andersen  ‘(15)  have  discussed  the  details  Of  such  interactions. 
However,  quantitative  treatioent  of  this  problem  is  obviously  difficult 
because  of  the  complex  geometry  and  unSteady-state  nature  of  the  burning, 
and  in  any  case  is  premature  until  the  unperturbed  oxidizer  decomposition 
flame  is  thoroughly  understood. 

Let  us  consider  what  is  known  about  ammoniom  perchlorate  hurning 
as  a  monopropellant.  The  salient  feature  Of  this  process  have  been  described 
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by  Levy  and  Friedman 

At  ndrmal  ambient  teoaperatares,  ammonium  perctilorate  whieh  is 
dead-fpressed  in  the  form  of  a  strand  can  be  ignited  at  presedres  above 
22  atm.  The  burning  rate  increases  with  pfeS'Sure,  (Figure  Is  refs  (A))* 
Combustton  may  be  indueed  at  lower  pressures  by  pfeheating  the  strands 
or  ptoviding  a  sufficient  incident  radiant  flux  during  burning,  but  not 
by  using  lariger  sampies..  The  lower  pressure  limit  has  been  postulated 
(4)  as  due  toi  radiant  heat  loss  to  tho  surroundingsi  detailed  theoretical 
examination  of  this  postulate  by  Nach'bar  and  johnson  '(23)'  show  that  it 
is  qualitatively  reasonable'  but  requires  assumption  Of  a  iarger  rate  of 
enerigy  loss  from  the  system  than  can  plausibly  be  accounted  for  by  radian 
tion.  In  view  of  the  eomplexity  of  Nachbaf  and  Johnson’s  caiculationSs 
the  writers  ean  only  comment  that  no  alternate  reasonable  .explanation  of 
the  deflagration  limit  Seems  available. 

The  ammonium  perchlorate  steady^ state  defiagration  appears  to 
invoive  the  gas  phase »  because:  (a)  it  Is  easily  shoj^n  that  sublimation 
Occurs  when  ammoniutt  perchlorate  is  heated  in  vacuum,  (b)  the  deflagra’' 
tion  rate  is  quite  pressiure'‘depeadent  *  it  is  logical  to  postulate  that 
gaseous  spefles  such  as  ammonia  and  perchloric  acid  vapor  react  rapidly 
in  a  gaseous  zone  just  above  the  crystai  surface,  with  energy  feedback 
from  exothermic  gaseous  reactions  to  the  crystal,  (it  is  of  intetesl  to 
note  that  ammonium  perGhlofate  does  not  melt  even  if  heated  to  just  below 
the  auto''ignitiQn  temperature  at  several  hundred  atmospheres.  If  it  is 
heated  in  a  $mali  SeaTed  ampoule,  it  will  dissolve  in  its  decomposition 
products,  of  which  water  is  a  proininent  constituent.) 

if  we  accept  the  premise  that  the  major  source  of  '^othermiC 
reaction  in  the  flame  is  a  gaseous  redox  reaction  just  above  a  crystalline 
surface,  we  have  thus  identified  two  important  rate  prpGesses,  the  overall 
rate  of  this  reaction  and  the  rate  of  energy  feedback  to  the  crystal,  which 
when  coupled  will  determine  a  burning  rate.  The  poaslbillty  remains, 
however,  that  the  vaporization  of  the  crystal  is  itself  a  rate  procesC 
rathef  than  an  equilibrium  process. 
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Equilibrium  would  exist  between  solid  and  vapor  ii  sufficient  time 
Were  available,  the  rate  of  condensation  being  nearly  as  large  as  the  rate 
of  vaporization,  and  the  net  rate  of  volatilization  being  determined  by  the 
rate  of  heat  supply  to  the  surface^  If  insufficient  time  were  available, 
relative  to  the  absplute  evaporation  rate,  then  that  rate  would  be  limiting 
at  the  prevailing  surface  temperature,  which  again  is  governed  by  a  heat 
balanee.  Thus,  we  do  not  know  if  an  equilibrium  Or  kinetie  precess  is  oecurri- 
ing  at  the  surfacei  The  problem  has  been  discussed  in  references  (3)  and 
^26) . 

The  types  of  experimental  irtformatiOn  which  would  help  in  under' 
standing  the  surface  proce&s  are;  '(a|  measureinents  ©f  vapor  pressure,  heat 
©f  Vaporization,  and  degree  ©f  .association  in  the  gas  phase  Of  ammonivWi 
perchlorate;  Cb)  accoimnodation  coefiiGientS  of  the  gaseous  species  00  the 
surface;  and  (c)-  surfaee^teinperature  measurements  for  burning  ammonium 
perchlorate ,  Information  of  types  (a)  and  (b)  are  not  available,  because  of 
difficulties  of  such  measurements  in  chmieaiiy  unstable  systems*  &s  for 
the  surface  temperature,  whii-e  no  accurate  values  are  avaiiable,  photiOpyrO"' 
metric  measurements  of  the  iburnlng  suf fate  at  30©  psi  indicated  a  temperature 
of  the  order  of  1000-ll@©'*h  <3);  the  exact  value  wQuid  depend  on  the  unknown 
emisslvity  of  the  surface.  The  Aerojet  hot'plate  pyrolysis  technique  (14,  16) 
if  valid,  gives  Surface  tcsiperature  vs  pyrolysis  rate  over  a  range  of  preigni' 
tidn  conditions;  temperatures  as  high  as  900- K  (at  0,13  cm/sec)  were  measured, 
the  apparent  aetivatiOn  energy  being  22  kGai,  However,  there  is  an  important 
question  as  to  whether  the  ihot'plate  temperature  is  the  same  as  the  oxidizer 
surface  temperature,  or  whether  gradients  exist  (26), 

pother  aspect  Of  the  ya-porizatlon  prOeess  which  requires  cOnsidera" 
tipn  is  the  inhomogeneous  nature  Of  the  crystalline  aimnonlum  perchlorate  and 
the  complex  mode  of  deGompoSition  which  is  observed  at  relatively  low  tempera¬ 
tures,  Apparently  a  portion  of  the  crystal  decomposes  rather  readily  (about 
30  per  cent  of  the  starting  material),  leaving  a  porous  residue  wbiGh  is  much 
more  stable  to  decomposition  (2S) .  The  material  which  deGomposeS  first  may  be 
intermosaic  matter,  or  imperfect  crystals,  in  spaces  between  perfect  crystals 
which  are  more  stable,  A  further  observation  is  that  low-temperature 
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decompositidn:  appears  to  initiate  at  specific  sites  on  the  Surface  and  then 
spreads  over  the  surface  as  a  visihle  interface.  The  nature  of  these  processes 
seems  to  be  dif  ferent  in  the  So-called  low-temperature  range  (220-35O‘’G)  dis¬ 
cussed  above  and  the  "high- temperature"  range  (350-44O®C)j  as  studied  by  several 
investigators  (29,  3©).  In  the  350-44©*©  range,  under  vacuum  conditions ^  subli¬ 
mation  without  decomposition  is  the  dominant  process .  .  Sublimation  may  be 
"Suppressed''  by  providing  a  suffieient  pressure  Of  inert  gas,  and  then  decomposi¬ 
tion  pecurs  with  a  mueh  higher  actiyatiort  energy  than  in  the  low-temperature 
region,  and  also  decomposition  goes  to  completion  rather  than  Stoj)ping  at  3076. 
PreSvflnably  the  heat -generating,  reactions  occurring  here  are  gaseous  .(29) .  Rate 
may  be  governed  by  desorption  (11),  by  proton- transfer  (30),  Or  by  by  breaRdewni 
of  the  perch lorate  ion  (20).  The  relation  between  these  decomposition  studies, 
the  hot-plate  pyrolysis  experimentSy  and  the  high-pressure  or  radiation-assisted 
deflagration  is  not  clear  at  the  present  time.  This  makes  it  impossible  to 
provide  a  soundly  based  theoretical  relationship  ibetween  the  surface  temperature 
of  deflagrating  ammonium'  perchlorate  and  the  propagatipn  rate. 

Another  important  aspect  of  amimpniuitt  perchlorate  deflagration  is  the 
non-equi librium  nature  of  the  combustion  products,  as  revealed  by  produCt“ 
temperature  measurements  (1)  and  product-gas  analysis  (4).  the  theoretical 
final  temperature  of  pure  crystalline  ammonium  perchiorate  initially  at  25*© 
reacting  adiabatically  at  a  Constant  pressure  of  100  atm  to  give  products  in 
Ghemical  equilibrium  comes  out  to  be  1440®K,  while  the  measured  temperature  at 
this  pressure  is  only  1203*’K.  The  products  at  equilibrium  should  consist 
mainly  of  H20»  ^2’  HGl,  the  theoretiGal  mpleeular  ratips  of  GI^/H©! 

and  NO/N2  being  0.II  and  0,004  respectively.  Product  analysis  at  100  atm  indi¬ 
cates  a  N0/N2  ratio  of  0.6  to  0.8  Instead  of  0,004.  Thermp -chemical  ealGula- 
tions  show  this  result  tp  be  generally  cpnsistent.  with  the  low  flame  temperature, 
the  de.Gomposition  of  nitric  oxide  to  its  elements  being  exothermic,  The  fraction 
of  oxygen  remaining  oxidized  to  the  nitric  oxide  stage  was  found  to  be  pressure- 
dependent,  deGreasing  as  pressure  is  increased  from  one  atm  to  68  atm,  but  not 
changing  further  on  additional  pressure  increase  to  136  atm.  Flame-temperature 
measurements  were  not  precise  enough  to  show  whether  the  temperature  increased 
with  increasing  pressure. 
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Speculation  about  the  kinetics  of  the  gaseous  oxldation-reducticn 
reactions  above  the  amntonluiii  perchlorate  surface  may  be  found  in  the  litera¬ 
ture  '(4j  30).  Various  of  the  foilowlng  gaseous  reactions  may  be  of  signifi¬ 
cance; 


NH^CIO^  <g)  — ^  +  HCIO^ 

HCl©,  0«  ^  GlOu 

4  3 

0H  +  N»^  — +  m2 

0»  +  HCi&  Hu©  +  €1®> 

4  2  4 

Cl®,,  — ^  C1B-,  + 

4  2  2 

NH^  +  ©2  — hC  +  H^O 
2H0  — >  %  *  ©2 

Cl®2  ©1  +  ©2 

Cl  +  a^t  HCl  +  ®B 


(1) 


(2) 


m 


The  rate  of  t'eaetton  (2)  above*  eonferolling  the  decomposition  of 
perchlQric  acid  vapor,  1$  believed  to  be  knooh  from  kinetic  measur^ents 
reported  by  Levy  O).  |t  is  of  interest  to  know  if  this  reaction  could  possis^ 
biy  be  conttoillng  in  the  flame,  or  whether  its  rate  is  too  slowi.  it  Is  also 
generally  Of  Interest  to  know  the  order  of  magnitude  of  the  Overall  reaction 
rate  in  the  gaseOuS  flame  !whlch  is  compatible  With  Observed  burning  rate  vs 
pressure  data,  the  reciuislte  mathematical  techniques  for  approaching  this 
problem  have  been  developed  by  Nach^or  and  johnson  (23).  However,  the  results 
are  not  expressible  in  a  form  which  is  convenient  for  algebraic  manipulation, 
so  the  present  investigators  have  derived  some  very  simple  approximate  relation' 
Ships  which  take  Inco  account  all  the  rate  processes  In  the  Nachbar -Johns on 
treatment  but  which  make  giross  mathematical  approximations.  The  results  are 
believed  to  give  correct  trends  and  Orders  of  magnitude,  but  obviously  Should 
be  repeated  on  the  more  rigorous  basis  If  quantitative  conclusions  are  to  be 
drawn. 


The  model  and  equations  are  described  In  Appendix  1,  Briefly,  a 
one-dlmenslonal  steady-state  propagatipn  is  assimied.  Sner^  Is  generated  in 
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a  gaseous  reaction  of  aEbltrary  order  n,  pre-exponential  factor  A,  and 
activation  ener^  £.  Heat  is  conducted  back  to  a  solid-gas  Interface  at 
texiiperature  where  exothermic  vaporization  occurs  at  a  rate  assumed  to  be 
given  by  the  relation 


r  =  H  t  exp  ) 

S  fS 

which  was  obtained  by  hot-piate  pyrolysis  studies*  (ih  view  of  the 
uncertainty  in  tihis  relation,,  discussed  above,  the  whole  treatment  is  of 
questionable  vaiuey  but  may  be  useful  in  showing  the  relationship  between 
various  ipossible  values  of  the  parameters  i);  In  addition  to  the  foregoing 
three  rate  processes  (^othermic  gaseous,  reaction,  heat  transfer,  endo- 
thermtc  surface  reaetion)  a  fourth  rate  procesiS,  interdiffusion  of  products 
and  reactants  in  the  gaseous  reaction  zone>  ia  included,  fhis  last  process 
leads  to  dilution  of  the  reactants  and  reduction  of  the  yoltimetric  rate  of 
heat  releasa,  the  magnitude  of  the  effeet  varying  with  pressxire.  The  Lewis 
nianber  is  taken  as  unity,,  ahd  othet  simplifications  are  made,,  as  stated  in 
the  Appendix. 

Theh»  fey  requiring  the  solution  to  pass  through  the  experimental 
point  (r  5  1  Cin/seC,  P  ^  i#2  ^  2iSf4*K)  ,  it  is  posStfeie  to  determine 

the  reletionship  of  r  to  P  for  any  assvMed  vaiue  of  reaction  order  This 
has  beoh  done  for  first-order  and  second-order  kinetics.  The  result  it 
independent  Of  gaseous  activation  energy  E,  since  the  flame  temperature  is 
taken  as  independent  of  pressure.  Second-Qrder  kinetics  is  found  to  fit  the 
experimental  data  more  closely  than  first-order  kinetios. 

if  one  then  substitutes  reasptisble  numerical  values  for  all  known 
parameters,  one  may  calGulate  the  required  values  of  gaseous  kinetiG  constants 
to  give  agreement  between  measured  and  Galeulated  rates,  l^en  first-order 

8  -J; 

kinetics  is  assumed,  the  required  constant  comes  out  to  be  1x10  sec  .  This 
may  be  compared  with  the  value  3.7x10^  seu  ^  extrapplated  from  lower-tempera¬ 
ture  measurements  of  perchloric  acid  vapor  decomposition  rates  (5).  Obviously 
this  reaction  is  much  top  slow  to  be  determining  the  flame  speed.  The  results 
could  be  accounted  for  by  ass^ing  a  chain  length  of  Several  hundred  resulting 
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from  each  decomposihg  HClii)^  molecule.  However »  siiice  many  radicals,  such 
as  OH,  etc.,  are  presiunably  always  present  In  the  flame  in  substantial 

concentrations.  It  seems  likely  that  additional  radicals  contributed  by 
HClf^  breakdoMn  are  not  of  significant  importance. 

When  seCOnd^erder  kinetics  is  assumed,  the  overall  apparent  rate 

'Gonstant  is  4x10  cm  /mote-sec.  This  may  be  Gompared  with  a  typical  pre^ 

expontial  factpr  at  the  prevailing  flame  temperature,  calculated  irom  simple 

collision  theory  as  roughly  3x1#  '  cm  /mo le"^ sec.  Then,  exp  {^E/RT)  would 
12  14 

have  to  be  4x1#  /3xi6  =  #.#11  and  E  ^  i#.5  kcali^ole.  this  Seems  generally 

reasonable  for  a  radical  reaction.: 

The  actual  gaseous  activation  energy  can  in  principle  be  calculated 
from  measurements  of  burning  rate  vs  Initial  temperature  if  the  corresponding 
variation  of  final  temperature  is  known. 
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APP^IX  A 


Simplified  'Equations  for  Honopropeilanf  Gbmbiistion 


Symbols: 

A 

e 

« 

€ 

'S' 

D 

E 


B 

K 

1. 

P- 

Q 

R 

E 


pre- exponential  factor  in  gaseous  reaction  rate  law  (gm  cm  atm 
■^1-  »3'  -1-1- 

See  )  or  (gm  cm  atm  sec  )  depending  on  reaction  Ordef 


T 

W 

V 

X 

X 

P 

P- 


spieeific  beat  of  gas  at  eonstant  pressure  foa 

specific  treat  of  solid  at  constant  pressufe  (cai/gm“®0) 

diffusion  coefficient  of  product  into  reaetant  (cm  #seC); 

activation  eriergy  Of  gas  reaetion  (callmole) 

mass  fraction  of  reactant  in  gas 

mass  fr act ion  of  product  in  gas 

heat  of  gaseous  reaction  (cal/gm> 

3 

gaseous  teaction  rate  (cai/cm  «8ec) 
thickness  of  gaseous  reaction  aone  (cm^ 
pressure  fetm)> 

heat  of  gasification  of  solid  (cal/gm) 
gas  constant  (cal/mole'^^K) 
regression  rate  of  solid  (cm/ sec) 
flame  temperature  (®K) 
surface  temperature  (®K) 
unburned  solid  temperature  (“K) 

effective  temperature  in  gaseous  reaction  aone  (*K) 

3 


gaseous  reaction  rate  (gm/cm  *'sec) 
gas  veloeity  (cm/sec) 
distance  Goordinate  (cm) 

thermal  conductivity  of  gas  (cal/em-seG^'e) 

. 3  . 

gas  density  (gm/cm  ) 

3 

density  of  solid  Css/cw  ) 
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Steady estate  propagation  is  assumed.  Pot  x  less  than  zero,  the 
solid'  heats  front  te  T^,  the  surface  temperatute  at  x  ^  0.  At  the  surface* 
vaporization  occurs  ehdothertnically ^  absorbing  Q  eal/gm*  The  rate  of  vapori¬ 
zation  r  is  related  to  by  the  relation 

r  -  31  T  exp  ^-22,;000#itT, )  <l> 

determined  by  Aerojet  with  the  hot-plate  pyrolysis  technique  (^dersen  and 
Chaihen*  ARS  joori  Above  the  Surface  is  a  gasepus  reacllon 

zone  of  thickness  Lj  in;  which  gaseous  reactant  A  is  cOAverted  into  product  B 
by  a  second-order  reaction  evolving  cal/gm-  Tmperature  and  conceAtration 
gradieAtS  in  this  zOAe  are  arbitrarily  assximed  to  be  linear,  as  an  approxima- 
tioA"  Interdif fusion  Of  product  and  reactant  is  permitted.  Final  temperature 
is  T^.  The  gaseous  reactiott  rate  K  (in  thermal  units)  or  W  (in  mass  units} 

per  unit  volume  Of  flame,  in  the  region  0<X*^i,  is  asSunied  to  be  governed  by 

the  relation 

^  A  ^ 

«  =  K#«  =  A  (f^>  exp  (-E/^)  (2) 

where  f^  and  T  are  effective  values  of  f^  and  t  in  the  reactioA  zone. 

Basic  Equations : 

A  balance  of  heat  flow  from  gas  to  solid  gives 

X  -  [«  +  e,  - 1  n  rtj,  <3) 
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An  overall  energy  balanOe  gives 

KL  =  rp  £iH  (4) 

s 

From  continni  ty 


rp^  =  vp  (5) 

From  a  balanoe  pn  species  B  in  the  gaseous  reaotion  zone>  the  Chemical  genera¬ 
tion  term  being,  negieeted  j 


ip  <1  -  ^  vpfg  ^  vp 


By  rearrangement  of  Equation  and  noting  that 


it  will  be  aSisumed  that  -  f^g./2,,  so  that 


L  ^  vl./:2© 

A 


Final ly*  the  iewis  number  it  tafeen  as  unity ? 


X  s  c  p© 
g 


Working  Equations  ©eseribtng  the  Flame: 

fhe  following  relations  follow  from  the  foregoing  equatiQns; 


=  ^  Ai  Mt.  -  T  )  w/  ^(1  +  €  (T  ^  f  li 
P  M  f  s'  Y  L  a  s  uv; 


W  =  A  (f^  P)^  exp  1- 

e  (f>  -  T  ) 
-  ^  g  f  . s' 


^  -  2  rC+  €3  4 


L  - 


W 


+  C  (T  -  T  ) 
s  s  u 
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By  cotublnitig 


,  and  (itl)i 


r  = 


n+1 

X  A  (f .  -  ^  exp 


2-  Pq  +  tr  <T  -  t  >1 

1_  8  S  U  J 


n+1 


olTj  if  P  j.  X,  A,  and  G  are  teakeit  to  be  independent:  of  P  and 


r  =  B 


.f  -  t 

f  .  s 


Q  #  G  W  , 

^  S  S  U  _Ji 


n+l 

^  p”^^  exp 


where  «  -  p  ^ 
s 


X  A  G 


„n 


=  constattt 


Numerical  values: 


,-4 


X  =  1,-6;  X  1®  icai/cm''sec’‘“G 


G  =  ®.32  caX#igm-*G 
8 

G  =  ©i.  26'4  cal/gm--’*;G; 
s 

Q  =  47‘3!  cal'/;gm 

3 

p  .  ^  1 .95  gm-/  ctn 

'S 

R  =  l.fS?  eal/«Ole-®K 


Then  B  =  2.G8  x  10"^^A/2- 


To  obtain  E,  the  following  equation  is  obtained  fro!®  (14)  if  a  pair  of  yalues 

of  r(P,  T  )  are  knows  such  that  T  is  different  in  the  two  eases, 
u 


1  and  2: 


E  = 


t  -  T 


In 


m+i 


l3  *  *„2>t 

«£2  -  V  *  -  \l51 


m 
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From  the  pair  of  values 


P  =  1G2  atm^  -  294®k,  r  -  I  em/sec 

and  P  =  57  atm,  T  =  343 "kj  r  =  1  cm/ see 

u 

one  may  solve  for  E.  We  take  T  =  and  caicyiate  from 


=  1203  +  G.«13  <t  -  294); 
f  *1 

We  ofetain  from  equatiion  (1).  When  n  ??  2,  |seGond>-Qrdef  reaetion)  we 
'ob  tain  E  =  25,400  eal/moiet  When'  n  ?=  1,  E  2  i,2©'0  Gal/mole  |  fir  st '-order 
reaetion).  These  vaTues  may  not  be  meaningful  because  Equation  (18)  may 
not  be  an  aeeeptable  way  to  ealeuiate  T^,  it  being  known  that  the  flame 
does  not  burn,  to  give  equilibrium,  products  t 


Shape  of  r  vs  P  curves.: 


Let  us  require  that  tfce  eurve  pass  thro.ugh  r  “  1  cm/sec,  P  =s  lOf  atmj 

T  =  294°K,  Thenj if  T  is  independent  ®f  P,  and:  taking  T  from  Equation  (I), 

•U  s 


it  follows  from  Equation  ‘(14)  that 

MW2 


h'+i 


r  ^ 


102 


h/2 


1203  t 


400  ‘S-  0,264T 


tl/2 


For  seGond- order  reaction  (for  any  activation  energy  E)j 

^3/2 
3.244T. 

P  =  9. 


[400  +  0.: 
1203  - 


atm 


Fof  first-order  reaetion  (for  any  activation  energy  E)j 

2 

2  I  auu  +  o,zu4X^  I 

P  = 


_  r400  +  0.264t  : 

4.i»  r  j^2G3  T 

^  s  ^ 


atm 


These  equations  are  plotted  in  Figure  A-1.  it  is  seen  that  the  second''order 
eurve  agrees  more  closely  with  experiment. 


Reguired  Values  of  Rinetic  Constants 

Appropriate  first-order  and  secpnd-prder  kinetiQ  constants  may  be 
calculated  to  be  consistent  with  equations  (19)  and  (20)  and  the  other  equations 
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leading  up  to  it . 

When  first-order  is  assumed,  the  value  Of  k  then  comes  out  to  be 
9.7x10^  sec  to  he  in  agreement  with  the  ohserved  burning  rate.  (This  may 

be  compared  with  3. ?xiG^  see  for  the  perehloric  acid  rabe  eonstant  extrapo¬ 
lated  to  flame  temperature- ) 

Wkem  second-ordet  is  assumedj  the  required  rate  constant  comes  Out 
12  3 

to  be  3vbSxlQ  cm  /mole-see.  A  "collision  number,''  Or  pre'exponential  factor, 

can  be  computed  by  asS;um4ng  an  actiyation  energy.  Upon  assuming  25,400  eal/mole 

17  3 

for  E,  the  collision  number  comes  out  as  1.5x10  cm  '/mole-! sec.  &  typical 

“8 

theoretical  eollision  number  at  12;00!*K,.  assuming  o  f  4x10’  and  reduced  mass 

14  3 

-  3i0,  and  no  steric  effects',,  is  S.Sxl®  cm  /mple-sec.  When  this  theoretical 
eollision  number  is  used,  E  then  would  have  to  be  10, 50.0  cai/mole- 
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